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Abstract

This paper demonstrates that a tractable heterogeneous agent endogenous growth
model can quantitatively match the stylized empirical facts of long-run development
trajectories of income, life expectancy, and fertility for 86 countries over the past 140
years. A decomposition of comparative development differences into contributions of
country-specific “deep determinants”, accumulation forces during the historical devel-
opment process, and balanced growth dynamics sheds new light on the mechanisms
leading to country-specific differences in development and establishes a link between
the largely disparate literatures on endogenous growth, comparative development, and
growth accounting. Structural estimation results show that historical accumulation dy-
namics explain most of today’s comparative development patterns. A quantification of
the demographic dividend suggests implications for future growth dynamics.
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1 Introduction

Figure 1 depicts the patterns of economic development across the world over the past 140
years. Figure 1(a) shows raw data for log income per capita across countries and illustrates
four stylized facts. First, incomes, and hence economic living conditions, have increased
substantially around the world over the past century — incomes and growth rates today are
much larger than in the past. Second, this improvement in living conditions was not a steady
process: economic development is characterized by an acceleration from very modest to
sustained rates of growth that was related to demographic change, structural transformation,
and productivity increases. Third, the global pattern of development is characterized by pro-
nounced heterogeneity. The considerable inequality across the world at the beginning of the
observation period in 1880 has even widened by 2020. Fourth, the evolution of heterogeneity
in development is closely linked to the non-linear growth dynamics. Some countries experi-
enced an earlier acceleration than others, giving rise to changes in the ordering of countries
with some countries having improved their relative position in the distribution while others
have fallen behind.

Panels (b) and (c) of Figure 1 illustrate that development over the past 140 years was not
confined to income dynamics. The stylized facts also extend analogously to population dy-
namics, reflected by mortality and fertility. On average, life expectancy effectively doubled,
whereas fertility almost halved. The increase in life expectancy appears to have preceded the
development in incomes, while the decline in fertility occurred at about the same time.

These stylized facts are exemplified by the two highlighted examples of the develop-
ment trajectories of Sweden and Niger in comparison to the sample mean. Sweden was a
middle-income country in the late 19" century. Over the course of the 20" century, Sweden
experienced a pronounced acceleration of development, and by 2020, Sweden has become
one of the richest countries in the world. In contrast, Niger remained among the poorest
countries, and the gap in income relative to Sweden has widened as Niger did not experience
a similar acceleration in economic development. These patterns are also reflected in the de-
mographics. Sweden experienced an early and pronounced increase in life expectancy and
a decline in fertility, whereas in Niger life expectancy only began to increase very late and

fertility remains at high levels in global comparison.
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Figure 1: The Dynamics of Long-Run Development

Note: Panel (a) plots the natural logarithm of GDP per capita for constant 2011 dollars for 86 coun-
tries. The upper thick dashed line corresponds to data for Sweden. The lower dot-dashed line corre-
sponds to data for Niger. Data source: gapminder (based on data from World Bank, Maddison, and
IMF, see: www.gapminder.org/sources/gdp—per—capita/). Panel (b) plots life expectancy
at birth for the same countries. The upper thick dashed line corresponds to data for Sweden. The
lower dot-dashed line corresponds to data for Niger. Data source: gapminder (based on data from the
Global Burden of Disease Study 2019 of the Institute for Health Metrics and Evaluation, University of
Washington, Seattle, see: https://www.gapminder.org/tag/life-expectancy/). Panel
(c) plots the total fertility rate for the same countries. The lower thick dashed line corresponds to data
for Sweden. The upper dot-dashed line corresponds to data for Niger. Data source: gapminder (based on
data from the UN World Population Prospects 2022, see https://www.gapminder.org/data/
documentation/gd004/). All panels: Each line corresponds to the time series for a different coun-
try. The thick (black) line corresponds to the sample mean for each time period. See Appendix Table Al
for the list of 86 countries.
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Despite substantial progress in understanding the mechanisms of growth over the past
decades, these stylized facts of development and their interactions remain poorly under-
stood. Evidence from growth accounting suggests that physical capital plays a minor role
for explaining growth, and similarly evidence from development accounting suggests that
differences in physical capital do not account for much of the comparative development dif-
ferences. Instead, human capital and productivity account for a majority of the variation in
growth and comparative development differences in the world. Nonetheless, the reasons for
the differences in productivity remain a matter of debate. The same applies to the acceler-
ation in growth. Long-run growth models often view human capital as a key driver for this
acceleration, and the secular acceleration of growth is closely associated with a sharp, and
non-recurrent, expansion of human capital (Jones and Romer, 2010; Jones, 2016). Yet the
empirical results of growth and development accounting studies suggest that the direct ef-
fects of human capital for explaining comparative development are limited. What explains
this discrepancy? If human capital plays a key role in the progressive amplification of pro-
ductivity differences (see, e.g., Hsieh and Klenow, 2010), which factors account for the sub-
stantial and persistent heterogeneity in productivity, human capital, and economic develop-
ment? And how are initial differences in productivity related to the observed patterns of
overtaking and divergence? The dynamics of the demographic variables add an additional
complication: Is the heterogeneity in productivity and income growth, for instance between
Sweden and Niger, linked to these demographic dynamics, and if so, how? Finally, what is
the outlook for today’s low-income countries such as Niger that have fallen further behind
the high-income countries in relative terms over the past decades?

To the best of our knowledge, no attempt has been made to address these questions within
a single and comprehensive quantitative framework. This paper demonstrates a tractable and
parsimonious model with three country-specific structural parameters that are estimated can
reconcile the quantitative patterns of development illustrated in Figure 1. Our analysis is
based on the conjecture that the long-run trajectory of economic development is characterized
by non-linear dynamics: economies transition from a long phase of quasi-stagnant develop-
ment with slow improvements in productivity and economic living conditions to a regime
of balanced growth. This transition is the result of interactions between economic and de-
mographic development. These interactions are key to understanding the reasons underlying
the great divergence in incomes observed over the past century, and the corresponding het-
erogeneity in comparative development. This view accounts for the long-run development

dynamics experienced by today’s high-income countries. At the same time, it also accounts



for the observation that many low-income countries still exhibit living conditions in various
dimensions that resemble those characterizing Europe a century ago. Accordingly, the key
reason that parts of the world have not experienced similarly dramatic improvements in eco-
nomic development, and that substantial differences in development persist until today, is the
delay in the acceleration of development. This suggests the need for a better understanding
of the factors and mechanisms that are responsible for this delay.

Our analysis proceeds in several steps. First, we present a tractable canonical heteroge-
neous agents model of endogenous long-run growth that nests models of endogenous growth
with a long phase of quasi-stagnant growth. This model builds on the insight that technology
(reflected in the productivity of resources) is the key driver of output per capita growth. Pro-
ductivity is crucially influenced by human capital, and growth dynamics are closely linked to
the dynamics of human capital accumulation. In turn, human capital and fertility choices of
heterogeneous individuals are closely intertwined and interact with aggregate dynamics that
relate to population, mortality, and productivity. Comparative development differences are
the result of delays in the endogenous onset of a transition in education and fertility behavior
that drives the acceleration from quasi-stagnation to balanced growth. The timing, extent,
and steepness of this transition is related to three country-specific parameters.

In a second step, we structurally estimate these country-specific parameters together with
other parameters that are common to all countries, using a quantitative version of our long-
run growth model. To discipline the analysis, we restrict attention to the non-linear dynamics
(and the timing) of the transition to balanced growth as the only explanation for contem-
poraneous cross-country development patterns. The results reveal a remarkably good fit of
simulations of the estimated model to actual time series of different countries. In comparison
to a reduced-form empirical two-way fixed-effects specification, the model exhibits a simi-
lar goodness of fit in terms of explained variance. At the same time, the model unfolds the
dynamic mechanisms behind the development patterns of the specific countries, in contrast
to reduced-form evidence. The estimation of the structural parameters thereby allows us to
assess the quantitative performance of the model. We also document that the model performs
remarkably well in matching the long-run dynamics of non-targeted moments in the data and
show that the timing of the transition plays a critical role for comparative development differ-
ences in various dimensions. The structural estimates of country-specific paramters establish
a direct link to the deep determinants of development. Finally, the structural estimation of
the model also allows us to analyze the quantitative implications of changes in the structural

parameters for comparative development differences.



In a third step, we develop an analytical decomposition of comparative development dif-
ferences into the contributions of different phases of the non-linear development path. Specif-
ically, we show how comparative development differences can be decomposed into the con-
tributions of time-invariant country-specific differences, of development dynamics related
to the transition from stagnation to growth, and of growth along the balanced growth path.
The results suggest that variation in initial conditions reflected in the “deep determinants”
alone accounts for less than 10% of the variation in comparative development, whereas de-
lays in the accumulation accounts for more than 90%. We illustrate these insights using the
example of Sweden versus Niger. The decomposition of development can also rationalize
episodes of overtaking and divergence via differences in initial conditions and in the accu-
mulation dynamics. Moreover, the decomposition illustrates that the interaction between
country-specific heterogeneity and dynamic accumulation forces is key to understand com-
parative development. This also suggests that country-specific time-invariant heterogeneity
explains more of the development of low-income countries like Niger than of high-income
countries, whose development is shaped more by accumulation dynamics. Finally, since the
acceleration in human capital accumulation during the demographic transition is inherently
temporary, population and education dynamics have implications for future growth. We show
how a decomposition of population and aging dynamics can be used to quantify the demo-
graphic dividend for each country during various phases of development. This also allows
us to provide an outlook for the implied future growth potential in different countries. The
findings reveal sizable heterogeneity in the growth potential. Countries with low levels of life
expectancy and income still exhibit considerable unrealized growth potential — according to
our quantitative results, countries with average incomes below 22,000 USD have only real-
ized about 40% of the demographic dividend, on average. In contrast, high-income countries
are expected to face a drag on future development due to the demographic “debt” that has
built up during the past phases of development. Our results suggest that, on average, coun-
tries with average incomes of more than 22,000 USD have overdrawn their demographic
growth potential by 25%, on average.

The remainder of the paper is structured as follows. After discussing the contribution
in light of the literature in Section 2, Section 3 describes the model and characterizes the
long-run equilibrium dynamics. Section 4 describes the quantitative implementation and the
estimation approach. Section 5 presents the results of the structural estimation and of the
model fit. Section 6 presents a decomposition analysis of comparative development differ-

ences and the results of various quantitative exercises. Section 7 concludes.



2 Contribution to the Literature

This paper contributes to several strands of literature. We develop a parsimoniously param-
eterized prototype heterogeneous agent model of endogenous long-run growth whose core
building blocks are human capital and technology. The model comprises the endogenous
determination of human capital, mortality, and fertility. Human capital is determined in an
occupational choice heterogeneous agents model with choices of acquiring unskilled human
capital or skilled human capital. Endogenous population dynamics are related to individual
fertility decisions. By determining the available time for education and work, mortality is the
crucial state variable for investments in human capital and children at the individual level.
Mortality evolves endogenously as consequence of human capital externalities. The aggre-
gate production technology determines the demand for human capital and evolves dynami-
cally. The quantitative model combines different building blocks of technological change and
fertility as in the seminal unified growth framework by Galor and Weil (2000), of differential
fertility as in de la Croix and Doepke (2003), and occupational choice and finite longevity as
in Cervellati and Sunde (2005, 2015), but in contrast to these earlier contributions allows for
a systematic quantitative analysis on the basis of a structural estimation approach.

The modern economic growth literature (e.g., Solow, 1956; Lucas, 1988; Romer, 1990;
Aghion and Howitt, 1992) has traditionally focused on studying the mechanisms behind sus-
tained income growth along a balanced growth with all relevant state variables growing at
constant rates. Empirical work in this field is also conceptually rooted in the notion of a
balanced growth path and convergence dynamics to this path (see, e.g., Mankiw, Romer, and
Weil, 1992; Dalgaard and Strulik, 2013), with a particular focus on the role of human capital
(Krueger and Lindahl, 2001; Cohen and Soto, 2007; Portela, Alessie, and Teulings, 2010;
Sunde and Vischer, 2015). The exclusive focus on balanced growth dynamics is inconsistent
with the first stylized fact, namely the secular acceleration of economic development and
the simultaneous expansion of education attainment (see also Jones and Romer, 2010; Jones,
2016). Work that has considered an acceleration in growth as consequence of accumulation
processes includes the seminal contribution by Hansen and Prescott (2002). However, their
focus on capital accumulation is inconsistent with evidence suggesting that physical capi-
tal plays a minor role for explaining growth and growth accelerations, and their approach
does not account for endogenous demographic dynamics. Unified growth theories instead
rationalize the growth acceleration by emphasizing the interplay between economic and de-

mographic development (see, e.g., the seminal work by Galor and Weil, 2000; Galor, 2011).



However, these contributions are typically restricted to qualitative analysis. They remain
largely silent about the roots of the global income divergence and about the reasons for the
income differences and their persistence. Moreover, they do not address the role of mor-
tality and thus remain limited in accounting for fertility dynamics. Our approach explicitly
addresses these issues. We present a quantitative and empirical analysis that can recon-
cile the insights of the endogenous balanced growth literature with the insights of unified
growth theories regarding long-run dynamics. In particular, our analysis explicitly accounts
for non-linear development dynamics and delays in attaining the balanced growth path while
providing a quantitative methodology that allows estimating the structural parameters that
are responsible for the differences in the long-run dynamics of economic and demographic
development across countries.

In an attempt to explain the heterogeneity in development and growth dynamics today,
the literature on growth accounting has isolated productivity growth as the key to explain-
ing growth dynamics (see, e.g., Jones, 2016). Likewise, when focusing on the empirical
determinants for the existing income differences across the world, the development account-
ing literature has pointed towards a critical role of productivity differences (see, e.g., Jones,
2016). Evidence also suggests that productivity differences are amplified through the accu-
mulation processes behind factor endowments (see, e.g., Hsieh and Klenow, 2010; Comin
and Mestieri, 2018). In addition, recent work indicates that skill bias in technology is a
quantitatively important explanation for higher productivity of high-skilled workers in high-
income countries (Rossi, 2022). This paper provides a rationale for these patterns and their
emergence, by relating differences in productivity to the accumulation of productivity asso-
ciated with long-run development dynamics, especially related to human capital. Our de-
composition results show how initial conditions and country-specific parameters can have a
fundamental impact on development by affecting the timing and the intensity of the growth
take-off. Specifically, our approach demonstrates how the dynamics of human capital ac-
cumulation are associated with the growth take-off and the compounding of productivity
differences, and how they can explain the observed development dynamics.

A distinct strand of literature has explored the “deep determinants” of development differ-
ences, which manifest themselves as differences in total factor productivity (Hall and Jones,
1999), but which are related to time-invariant factors that imply persistence in development
differences over long periods of time. This literature has documented a large variety of la-
tent country-specific characteristics such as geographical, climatological, historical, cultural,

or institutional factors that explain historical and contemporaneous development differences,



typically in reduced form and separately from each other (e.g., Hall and Jones, 1999; Gallup,
Sachs, and Mellinger, 1999; Olsson and Hibbs, 2005; Tabellini, 2010; Ashraf and Galor,
2013; Galor and Ozak, 2016, belong to a non-exhaustive list of examples), see Spolaore
and Wacziarg (2013) for a survey. While the considerable persistence of these factors can
influence the development trajectory over long periods of history, this makes it hard to dis-
entangle the different candidates and their influence on comparative development (for a dis-
cussion of this point see, e.g., Voth, 2021; Durlauf, 2023), and the link to the transition to
modern growth and its timing is typically not addressed. Our framework provides an inter-
pretative lens for the mechanisms through which the deep determinants affect comparative
development differences. Moreover, our quantitative analysis documents the close link be-
tween the deep determinants that have been isolated in reduced-form empirical work and the
structural parameters that influence the timing, extent, and steepness of the transition. This
helps closing the gap between the empirical work on comparative development and theories
of long-run development, which has been largely neglected in the existing literature. In ad-
dition, our approach allows us to unfold the dynamic mechanisms through which the latent
characteristics affect comparative development and thereby establish a link between the deep
determinants and heterogeneity in historical as well as in contemporaneous development. We
also show how comparative development differences can be decomposed into the contribu-
tions of time-invariant factors and of the non-linear development dynamics that characterize
the transition to modern growth. The quantitative decomposition of development also allows
us to contribute to recent discussions about the consequences of demographic change for
future growth (see, e.g. Cervellati, Sunde, and Zimmermann, 2017; Jones, 2022a,b).

In spirit, our analysis is close to early work by Rostow (1956), who decomposed the
growth process into three distinct phases — a long, quasi-stagnant phase, the rapid transition
that entails a growth take-off, and finally a phase of sustained growth — and who empha-
sized the crucial role of the pre-transitional phase in establishing the conditions required for
the take-off. Few recent studies emphasize the empirical relevance of variation in the tim-
ing of the growth take-off (Cervellati and Sunde, 2015; Cervellati, Meyerheim, and Sunde,
2019) and explore the implications of cross-country spillovers in technology (Delventhal,
Fernandez-Villaverde, and Guner, 2021; Cervellati, Meyerheim, and Sunde, 2023). We pro-
vide the first comprehensive quantitative framework that explicitly links comparative devel-
opment differences to the non-linear development dynamics through a structural estimation
of the parameters that govern the timing, steepness, and extent of the transition. In contrast to

existing work, our study is concerned with the non-monotonic long-run dynamics of aggre-



gate economic development and the estimation exploits the heterogeneity in the non-linear
dynamics of economic and demographic development across a sample of 86 countries. A
key contribution is to link long-run growth dynamics and comparative development differ-
ences in a coherent and internally consistent way, providing a new perspective for studying
development differences.

Our quantitative analyses of the demographic dividend at different stages of develop-
ment contributes to a recent literature that has investigated the consequences of demographic
change for growth, either using reduced form approaches (Kotschy and Sunde, 2018; Maes-
tas, Mullen, and Powell, 2023) or quantitative models (Doepke, 2004; Cooley and Henriksen,
2018; Aksoy, Basso, Smith, and Grasl, 2019). The quantitative decomposition of develop-
ment differences into the contributions of productivity gains during the different phases of
long-run development complements work that has tried to account for development differ-
ences by considering differences in human capital accumulation (Erosa, Koreshkova, and
Restuccia, 2010; Manuelli and Seshadri, 2014; Hanushek, Ruhose, and Woessmann, 2017)

and how this complements initial differences in productivity (Hsieh and Klenow, 2010).

3 A Quantitative Model of Long-Run Growth

3.1 Production

We consider a sequence of overlapping generations of individuals ¢ € N*. Each generation

of individuals produces a unique consumption good with an aggregate production function

3|~

Yi = Al ()" + (1 — ) (H)") ()

with A; denoting total factor productivity representing the technology available to generation
t, H; and H}' denoting the aggregate stocks of skilled human capital and unskilled human
capital of the generation, respectively, n € (0, 1), and the relative weight of skilled human
capital in production, x; € (0,1) V¢, reflecting the degree of skill bias in the production
process.

Wages are determined on competitive markets and thus equal marginal products
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3.2 Demographics and Individual Decisions

The life of each individual of a generation ¢ consists of two periods, childhood and adulthood.
During childhood, which lasts for a fixed time %k, members of generation ¢ make no choices
but face a child survival probability, 7; € (0,1). During adulthood, individuals make all
their decisions. Reproduction takes place after the fixed time interval m > k. Individuals
are heterogeneous with respect to their innate ability, with individual ¢ being endowed with
ability a’ € [0, 1]. Ability is drawn at birth from a truncated normal distribution on the closed
interval between zero and one, with mean . and standard deviation o. All draws are assumed
to be independent from parental ability.

Individuals have preferences defined over their lifetime consumption ¢ and over the quan-
tity n and quality ¢ of (surviving) children. We assume that time is continuous, z € R* to
incorporate variation in the length of life of a generation. Concretely, we assume that adult-
hood lasts for a duration of 7}, which corresponds to the deterministic life expectancy at
age k. We abstract from life cycle considerations by assuming no discounting and merely

ensuring a balanced lifetime budget.! Lifetime utility of individual i is then given by

Tt - . .
U(c;, mnggy) = / Inc (1) dz +~1n (mnig)) with v > 0 (3)
0

Individuals maximize their lifetime utility by deciding about the number of children n!, the
time spent raising each child 7, which maps into child quality ¢! as described below, and by
making an occupational choice that amounts to acquiring unskilled human capital or skilled
human capital. When making these decisions, individuals take the economic and demo-
graphic environment, in terms of technology, wages, and mortality as given.

Individuals face two constraints, a time constraint and a budget constraint. The effective
productive time available during adulthood is bounded from above by adult longevity 73,

which gives rise to the time constraint

T, > 1! + e + mnirt “)

with [! denoting lifetime labor supply, ¢’ denoting the time spent on acquiring human capital,

and the time ¢ denoting the time spent raising each child that survives infancy.>

IFor this reason, it suffices to assume a zero interest rate and the existence of perfect capital markets that are
not modeled explicitly. Allowing for discounting would affect the results quantitatively but not qualitatively.
The same applies to assuming age-dependent mortality. Details are available upon request.

The inclusion of a mandatory retirement age R implies an effective length of productive life of T; =
min {7}, R}.
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The expenditure constraint requires lifetime consumption to not exceed lifetime labor

income

wihy'l; > Tic; )

where wg denotes the wage per time unit of labor supply of an individual with human capital
ho.

Human capital is modeled using a simplified version of a standard Mincerian human cap-
ital production function. The acquisition of skilled human capital is facilitated by individual

ability a. An individual with ability a deciding to acquire skilled human capital acquires

hs,i — eaai (6)

units of human capital, with a denoting the return to ability. In exchange, becoming skilled
implies foregoing a fixed cost in terms of time e® > 0. Acquiring unskilled human capital

involves no fixed cost in terms of time and delivers

ht = et )

units of human capital, where p is the mean of the ability distribution. This implies that
individuals with a high ability have a comparative advantage in becoming skilled.
Other than labor supply or acquiring human capital, time can also be invested in the

quality of children. The quality of offspring is modeled as

@ (.71, ge1) = [F16 (1 + gra1) +£}ﬁ with 6 >0, g € (0,1) 3

where 77 denotes the parental choice of how much time to spend on educating each child
that survives to adulthood, g;,; denotes productivity growth, and r denotes a fixed cost of
raising children. This fixed cost is crucial for the parental decisions about fertility and child
investments (see, e.g., Strulik and Weisdorf, 2014). In the analysis below, r constitutes a

country-specific structural parameter that will be estimated.

3.3 The Intra-Generational Equilibrium

For a generation ¢ of individuals, the demographic environment in terms of 7; and 7, as
well as the technological environment, in terms of A; and x; are given. Individuals maxi-

mize their lifetime utility by choosing the type of human capital they acquire (i.e., becoming

11



skilled or unskilled workers) and their fertility in terms of quantity and quality of their chil-
dren, {j = {u, s}, n,r}, while respecting their lifetime budget and time constraints, taking
wages as given. Consequently, the intra-generational general equilibrium reflects the fixed
point at which optimal individual decisions are consistent with the aggregate allocation in
terms of the skill composition of the population that determines wages. As a result of the
comparative advantage of individuals with high ability in becoming skilled, the equilibrium
is characterized by the ability threshold a, that represents the ability of the marginal individ-
ual that is indifferent between becoming skilled or unskilled. This threshold pins down the

skill share as

A = ﬂlf(a) da = A (T, xy) )

with f(-) denoting the pdf of ability. The function A(-, -) is increasing in longevity, 7}, and in
the skill bias in technology as reflected by x;. Intuitively, the incentive to becoming skilled
increases with a longer amortization period for the time investment in skill acquisition, and
with a larger skill premium due to higher demand for skills. The corresponding fertility in

equilibrium is given by

ng = N (Ev >\t77rt) (10)

and is thus determined by parental education choice, which exhibits a fertility differential
between individuals acquiring unskilled and skilled human capital. Under the present setting,

existence and uniqueness of this equilibrium are ensured.

3.4 Dynamics

The model is closed by defining the laws of motion for demographics and technology. To
discipline the analysis, we adopt the usual view of a country as the unit of interest. This
constitutes a natural starting point for an analysis of comparative development differences
from the perspective of long-run growth dynamics and allows us to explore the capability of
the model to replicate the empirical patterns for different countries in the world. It should
be expected from the outset that this setting works better empirically for some countries than
for others. In particular, today’s low-income countries are confronted with a much greater
potential to benefit from an advanced frontier in health and production technologies than
Western forerunner countries did during their early phases of development.

Mortality dynamics are modeled as follows. In line with empirical evidence from devel-

12



opment economics, the child survival probability is assumed to depend on living conditions

(at birth), which can be represented as

l—x
1+ KA 1Y

where 7 is the extrinsic (baseline) child survival rate in the absence of parental education, and

T =

(In

k is the elasticity of child survival to economic conditions (with income per capita denoted
by yi—1 = Y;f—l/Nt—l)'

Adult longevity is assumed to depend on the medical achievements of the previous gener-
ation, which boils down to a human capital externality of the generation ¢ — 1 on the longevity

of generation ¢

T, =T+ ph (12)

with p denoting the strength of this inter-generational externality, and T reflecting the extrin-
sic (baseline) mortality environment in the absence of any medical knowledge or health tech-
nology. Through its crucial role for the individual occupational choice of acquiring skilled
human capital, the extrinsic mortality environment is an important determinant for the timing
of the education expansion. In the analysis below, 1" constitutes the second country-specific
structural parameter that will be estimated.

The dynamics of the production technology also evolve endogenously as the result of
inter-generational externalities. Specifically, the weight of skilled human capital in produc-
tion is assumed to increase in the skill share of the parent generation, but at a rate that is
declining in the existing weight, such that

% = Ma(l—a) (13)

Total factor productivity also increases with skilled human capital
i1 = /“%:At = oM\ (14)
with ¢ > 0 denoting the strength of the externality. The production environment is strongly
influenced by the country-specific environmental conditions. In the estimation, this will be
reflected by treating the initial condition A as the third country-specific structural parameter

that will be estimated.
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3.5 The Dynamic Equilibrium

The dynamic equilibrium comprises the sequence of endogenous state variables that emerge
from a set of initial conditions as the consequence of intra-generational equilibrium condi-
tions for each generation and the resulting inter-generational spill-overs. Specifically, the
dynamic evolution of the economy can be characterized by a non-linear dynamic system
among the central state variables — the skill composition of the population \;, adult longevity
T;, the skill bias of technology x;, and total factor productivity A; — which is described by

conditions (9), (12), (13), and (14). The corresponding accumulation processes are

At =A(z4, Tt)
Tiv1 =T + pX
i1 =[1+ (1 — x|y
A =1+ o) Ay

and iterating forward yields

t+1 t+1 T—1
L1 =To H(1 + A1) — T Z Aro1 H (I+ )
=1 =1 m=0
t4+1
A =Ao [T+ 6A—1)
T=1

where initial TFP, Ay, as well as baseline mortality, T, are proxies for deep determinants.
Hence, our heterogeneous agents endogenous growth model characterizes long-run devel-
opment dynamics as the consequence of the interplay between deep determinants and an
accumulation process that crucially relies on human capital (reflected by the share skilled, \)
as the engine of development. This simple, generic, and parsimonious model incorporates
a phase of slow development, an endogenous acceleration to a regime of long-run balanced
growth and a role for deep determinants.’ Given a set of initial conditions and time-invariant
parameters, the system endogenously produces the dynamic evolution of income as the re-
sult of the intertwined dynamics of the human capital composition of the population and
technology (in terms of skill bias and TFP), as well as the other endogenous state variables,

including adult longevity, fertility, and child survival.

3The properties of the dynamic equilibrium path can be illustrated by the evolution of the (conditional)
dynamic system in the {\, T, x}-space as detailed in the Appendix in Figure Al.
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The model allows for a decomposition of output per capita along the development path
in terms of variation in productivity and human capital. Notice that output per capita can be

written as

1
yo= A, {xt (/1 1 f(a) da)n -2 (1) h“]”}" (15)
N s
Hence, the income dynamics are governed by the dynamics of TFP, A,, the dynamics of
sectoral composition x; (reflecting industrialization), and the dynamics of human capital
composition, A;. While the dynamics of sectoral composition and human capital compo-
sition are of crucial importance for the transition from stagnant development to a balanced
growth regime, the balanced growth path is governed by the dynamics of TFP. The model
thus reflects the insights of modern growth theory that sustained growth relies on productivity
improvements. At the same time, the model illustrates that the dynamics in the sectoral and
educational composition are crucial for the non-recurrent acceleration of growth during the
transition. The intuition for this result is easily seen when considering the limit of \; — 1
along the balanced growth path, which implies z;,1 — x4(2 — z;), and hence a steady state
atr =o =2 — L.

It is worth noting that the model does not rely on scale effects, which implies that popu-
lation size is not important for the long-run dynamics of output per capita, since 4,1 = (1+
M) Ap.* Unlike in most existing models of long-run growth, there are no non-convexities
that imply corner solutions. Instead, the dynamics are given by the smooth evolution of the
dynamic system that results from interior solutions in all variables.

In the following, we conduct the thought experiment that all countries follow the same
qualitative development path. This approach is conservative in the sense that the develop-
ment dynamics in all countries rely on the same economic trade-offs and mechanisms, which
disciplines the analysis and limits the degrees of freedom. Contemporaneous development
differences are then the result of a delay in the timing of the transition to balanced growth.
In the next section, we develop a methodology that allows us to estimate the structural pa-
rameters of the model. In particular, we estimate the parameter 7' that is responsible for
heterogeneity in the timing of the take-off in general, as well as the structural parameters A
and r that govern the steepness of the take-off and the scope for the human capital expansion,

as well as the remaining parameters that are common to all countries. The three structural

“Note that scale effects along the lines of semi-endogenous growth models as in Jones (2022a) could be
added. However, we refrain from specifying a particular scale effect as it would not alter the main qualitative
results.
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parameters capture heterogeneity in the constraints of the optimization problem that under-
lies the development process and are linked to country-specific determinants of development

differences that have been isolated in empirical work, as detailed below.

4 Empirical Implementation and Estimation

4.1 Data and Calibration

The parameters are estimated to match panel data for a balanced panel data set of 86 coun-
tries over the period 1880 — 2020 in 20-year intervals. In particular, the data set comprises
information about GDP per capita, life expectancy at birth, and total fertility rates from Gap-
minder.’ As a result, there is one unique time series per country to identify each of the three
parameters.

We calibrate parameters that are of no immediate relevance for the main mechanism of
non-linear long-run growth and that we assume to be identical across countries. Concretely,
we set 1 and o to values corresponding to the conventional scale of an average 1Q of 100
points and a standard deviation in IQ scores of 15 points. We proceed to calibrate parameters
that are targeting long-run moments on the balanced growth path using a restricted sample of
18 Western high-income countries (the “Forerunners”), while calibrating parameters that are
targeting pre-transitional moments using the full sample. The length of childhood, &, is set
to 5 years and the retirement age R is calibrated using data from the OECD on the average
retirement age of developed countries for the period 2013 — 2018. We next set the value of e*
to the average years of secondary schooling for developed countries in 2010 using data from
Lee and Lee (2016). The parameter o« governs the stationary distribution of income in the
long run.® We calibrate o by using data of the standardized world income inequality database
by Solt (2020) for the average (market) Gini coefficient of income of developed countries in
2020. The parameter 7 is calibrated using data from Gapminder on the average rate of child
survival in the full sample in 1800. The parameter « is calibrated by using (11) evaluated

at the previously calibrated 7, A = 1, and the average GDP per capita of the developed

>Gapminder aggregates long-run data from multiple sources, for information on the data and the respective
primary sources consult the documentation available at https://github.com/Gapminder-Indicators.

®In particular, the stationary distribution of income in the long run of the model is characterized by a log-
normal distribution with a Gini coefficient given by

Gini = erf (O‘Ql)

where erf (+) is the Gaussian error function.
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Table 1: Calibrated Parameters

Parameter Value Explanation Matched Moment Sample
I 0.5  Ability distribution Mean IQ of 100
o 0.075  Ability distribution Std. deviation of I1Q of 15
k 5 Duration of childhood End of child mortality
R 60  Retirement age Mean retirement age Forerunners, 2013 — 2018
e’ 12 Time cost of becoming skilled Mean years of sec. schooling Forerunners, 2010
« 7.76  Mincerian return of ability Mean Gini coefficient Forerunners, 2020
s 0.63  Child survival (baseline) Mean child survival Full sample 1800
K 0.002  Child survival (improvement) Mean child survival Forerunners, 2020
vy 8 Utility weight of children Mean total fertility rate Forerunners, 2020

countries in 2020 while targeting the average child survival rate in developed countries in
2020. Finally, -y is calibrated by using the model’s long-run solution of fertility and targeting
the average total fertility rate of the developed countries in 2020. The respective parameters,

values, and targets are listed in Table 1.

4.2 Estimation Approach

In this section, we develop an estimation methodology that allows us to assess the role of the
non-linear growth dynamics implied by the model for matching actual data. The structural
estimation of the model delivers two sets of parameters: a set of three structural parameters
that are country-specific and a set of global parameters that are the same across all countries.

The crucial structural parameters for the long-run growth dynamics in the core dimen-
sions of the model are estimated separately for each country. In particular, countries are
allowed to differ in three time-invariant parameters: the extrinsic level of adult longevity, 7,
the minimum fertility cost in terms of time that has to be devoted to raising of children, 7, and
the initial level of total factor productivity, Ag. In contrast to the calibrated parameters, which
are set so as to match moments along the balanced growth path, these “deep” parameters re-
flect heterogeneity in latent structural dimensions across countries in terms of their initial
development. A, represents development (income) in the absence of a skilled population
(when A\ = 0). Likewise, r effectively determines the population (dynamics) and 7" governs
development in terms of longevity in the absence of a skilled population (when A\ = 0), i.e.,
in an initial state of the world without (prior) knowledge accumulation. With a comparable
target of a balanced growth path thanks to the identical calibration of other parameters, the
structural parameters indirectly thereby also determine the timing of the transition, the extent

of the human capital expansion, and the steepness of the take-off.
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The vector of country-specific parameters to be estimated is denoted by © = (Ao, T, ).
The goal of the estimation is to determine the levels of the country-specific parameters that
provide the closest fit of the model-generated data to the observed cross-country panel data.
In practice, we use the parametric version of the model developed in the previous section
as data generating process and simulate an artificial world composed of 86 countries. In the
artificial world, countries differ only in terms of the three “deep” parameters © = (Ag, T, 7).
Each country is simulated over the period 0 A.D — 2100 using a 20-year frequency of subse-
quent generations.

To illustrate the empirical approach, denote by Z the matrix of actual data in the three
dimensions of interest: log GDP per capita, life expectancy at birth, and the total fertility
rate, with observations for the observation period 1880 — 2020 in 20-year frequencies in each
dimension. Analogously, denote by Z the corresponding matrix of simulated values in the
three dimensions over the same observation period. The vector of parameter estimates ) ;=

(Aé, 17, i ) is the solution of a minimization of distance in the residuals that is conducted

for each country 7 = 1, ..., 86 separately according to
©; = argmin ¢ (8;) W ¥ (8;) (16)
O;

with ¢ (©;) = Z]Z;]ZJ denoting the vector of residuals, which depends on the set of structural
parameters ©; and is conditional on a set of parameters that are common for all countries, @,
and W denoting a weighting matrix.’

Parameters and initial conditions that are assumed to be common for all countries and
for which direct empirical estimates or a straightforward calibration are not readily available,
are estimated using the same procedure outlined above. These include the initial weight of
skilled human capital in production, initial population size and the initial ability threshold,
as well as parameters determining the elasticity of substitution between production factors,
the maximum span of longevity improvements, the evolution of TFP, and investments in
child quality, ® = (xq, No, ao,n, p, ¢, 8, 9). The vector of estimates of the country-common
parameters = (20, No, @o,n, p, ¢, 3,0) is the solution to

A

® = argmin ¥ (®)" W ¢ (P) (17)
P

"The weighting matrix here is given by the identity matrix. For iterated estimation, an alternative would be
the weighted squared error terms of the previous stage estimation. Unreported experiments show that this does
not change the results as ¢ (©) already measures relative distances. Details are available upon request.

18



where ¢ (®) = Z;ZZ denotes the vector of residuals, which depends on ¢ and is conditional
on a set of 86 country-specific parameter vectors (:)j, which we denote by o.

The country-specific and country-common parameters are estimated jointly via an iter-
ative process. Since the estimates of country-specific and country-common parameters are
interdependent, we apply a sequential estimation approach. For a given set of values for the
calibrated parameters, we assign an initial value to each of the country-common and country-
specific parameters.® Next, we estimate the vector of country-specific parameters, O, for this
initial setting of country-common parameters. Subsequently, the country-common parame-
ters  are estimated, holding the vector of country-specific parameters O fixed. These are
re-estimated in a next round conditional on the estimates of country-common parameters, CiD,
which are then re-estimated subsequently. This is repeated until convergence in terms of a
pre-defined level of parameter stability is achieved. These estimates serve as benchmark and
proof of concept for the methodology. Below we discuss the sensitivity of the results with

respect to modifications in the assumptions about parameter homogeneity.

5 Structural Estimation Results

5.1 Estimation Results

The structural estimation of the model delivers a set of global parameters that are the same
across all countries and three structural parameters that are estimated separately for each
country. While most of the estimates refer to model-specific parameters, some have a straight-
forward interpretation and can be readily assessed in terms of the adequacy and external va-
lidity of the estimates. For instance, an estimate of the CES coefficient 7 of around 0.3 cor-
responds to an elasticity of substitution between skilled human capital and unskilled human
capital of approximately 1.4, which is in the range that is typically considered reasonable in
the literature (see, e.g. Acemoglu and Autor, 2011; Rossi, 2022). Likewise, an estimate of 44
years for the scope of improvement in adult longevity from extrinsic levels of 7" of 30 to 35

years implies approximately an upper bound for life expectancy at birth of 84 (= 5+ 35+44)

8For the country-specific parameters, the initial values are identical across countries. Specifically, we esti-
mate the model for the set of 18 developed countries to obtain an estimate of the country-specific parameters
and a benchmark estimate for the country-common parameters as well as for the country-common initial con-
ditions. Then, we estimate the country-specific parameters and the country-common parameters (excluding
the country-common initial conditions) for the full set of 86 countries while refraining from re-estimating the
global initial conditions in order to discipline the analysis. Re-estimating the global initial conditions does not
change the results, details are available on request.
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years (for £ = 5) and is in line with values that have been considered in earlier work (see, e.g.

Cervellati and Sunde, 2015). Finally, an estimate of a growth externality of the skill share,

¢, of 0.67 corresponds to an annual growth rate of approximately 2.5% per year along the

balanced growth path. Table 2 contains the estimation results for the global parameters.’

Table 2: Estimated Global Parameters (World Sample)

Parameter Value Explanation

To 0.0339 Initial weight of skilled human capital in production
Ny 16.2554 Initial population size

ao 0.9858 Initial ability threshold

n 0.2915 CES coefficient

p 43.836 Scope for improvements in adult longevity

10) 0.6664 Growth along the BGP (over one generation)

153 0.8740 Return of investments in child quality

0 0.7617 Weight of time investments in child quality

Table 3 contains the summary statistics of the estimated country-specific parameters Ay,

T, and r. Figure A2 in the Appendix plots the corresponding distributions of the estimates

for the three country-specific parameters as well as the distribution of the country-specific

fit in terms of a Pseudo-R? that captures the variation in the observed data explained by the

simulated data.'® The estimates reveal considerable heterogeneity. Initial productivity, Ay,

ranges from 0.031 to 0.893. Estimates for the extrinsic adult longevity parameter 7' vary

between 30 and 35 years. There is also considerable variation in child cost, 7.

Table 3: Estimated Country-Specific Parameters (World Sample)

Parameter Mean Std. Dev. Min. Max.

Ao
T
r

0.171 0.144  0.031 0.893
31.91 1.027  30.44 34.47
2.98 0.648  2.140 4.796

9Other parameters do not have a direct empirical counterpart but nevertheless serve to discipline the model.
For instance, the estimate of a common initial weight of skilled human capital in production, g, is equivalent
to specifying a common initial share skilled A.

¥(6;) W w(8,) 7-Z

10In particular, the Pseudo-R? is computed as 1 — ——wg > Where ¥ = £== is the deviations from

the mean in the actual data.
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5.2 Results: Model vs. Data

Figure 2 plots the long-run dynamics of log income per capita, life expectancy, fertility, and
the skill share, in terms of period averages for the entire sample of countries. Consistent
with the discussion of the dynamic equilibrium in Section 3.5, the figure illustrates that the
model dynamics exhibit a long phase of slow development and eventually a rapid transition
in incomes, longevity, and fertility, all of which are crucially linked to a transition in the

education composition of the population.
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Figure 2: Long-Run Development Dynamics: Model vs. Data
Note: Each panel plots averages of the respective variable across countries for a given time pe-
riod. The model is based on estimates of country-specific parameters that target the dynamics in
log income per capita, life expectancy, and fertility. Fertility is measured by TFR. The skill share is
measured by the population share with at least secondary education and is not targeted in the esti-
mation.

In general, the model fit to the data is remarkable over the period of 140 years, particularly
in light of the parsimonious parametrization and the fact that only three of the estimated
parameters are country-specific. It is worth recalling that the education composition has not

been used at all in the estimation procedure, but constitutes the central dimension governing
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the accumulation dynamics in the model. The share skilled thus represents a dimension

that can be used to gauge the model performance. In fact, the estimated model matches the

corresponding non-targeted empirical moment closely.
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Figure 3: Long-Run Dynamics: Forerunner vs. Latecomers

Figure 3 shows the corresponding period averages when splitting the sample into “fore-

runner” countries with an onset of the demographic transition before 1945, and “latecomers”
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with an onset after 1945 following the classification of transition dates by Reher (2004).
The figure illustrates that the quantitative fit of the model is comparable for countries with
considerably different historical development trajectories.
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Year

(a) In GDP p.c.
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(b) Life Expectancy (c) Fertility

Figure 4: The Dynamics of Long-Run Development — Model Simulation
Note: Panel (a) plots the natural logarithm of GDP per capita. Panel (b) plots life expectancy at birth.
Panel (c) plots the total fertility rate. Data source: Baseline model, parameterized based on structural
estimation results. All panels: Each line corresponds to the time series for a different country. The thick
(black) line corresponds to the sample mean for each time period. The thick dashed lines correspond to
Sweden and the thick dot-dashed corresponds to Niger, respectively. See Appendix Table Al for the list
of 86 countries.

Figure 4 shows the simulated time series of income, life expectancy, and total fertility
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rates, based on the structural estimation results for all countries in the sample. The model
generates country-specific non-linear dynamics in income, life expectancy, fertility, and hu-
man capital that exhibit considerable heterogeneity in terms of levels and timing. The com-
parison to Figure 1 illustrates that, despite its parsimony, the model is able to capture the
stylized facts of long-run development. It is also remarkable that the model performance is
comparable across subsets of countries with considerably different levels of contemporane-
ous development.'!
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Figure 5: Model Fit: Comparison of Model Data and Empirical Data

1See also Appendix Figure A3, which distinguishes between the dynamics of forerunners and latecomers.
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To assess the model fit, we compare the simulated data for a given country and time period
to the corresponding empirical data, pooling all countries and time periods. This point-by-
point comparison is shown in Figure 5(a) for comparative development, as reflected by GDP
per capita. The figure documents that the model closely fits the data. This is also true in
the demographic dimensions life expectancy and fertility, as shown in Figure 5(b) and (c).
The simulated data exhibit similar variation as the actual data, and the overall fit, including
at the extremes of the distribution, is fairly accurate. Moreover, there does not seem to be a

systematic overestimation or underestimation.'?
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. Onset of Demographic Transition (model)
Year of Demographic Transition (perfect fit)

Figure 6: The Timing of the Demographic Transition: Model vs. Data

In addition, the model captures heterogeneity in the demographic transition. This is il-
lustrated in Figure 6, which plots the years of the transition onset in the model, as measured
by the first year in which life expectancy at birth exceeds 50 years as in the conventional
classification in demography (see, e.g. Chesnais, 1992), against the empirical onsets, using
the standard classification of the year of the onset of the demographic transition by Reher
(2004).

The analysis suggests that comparative development outcomes are closely related to the
timing of the demographic transition, with later transitions associated with lower levels of
development. Figure 7 illustrates this in terms of scatter plots for comparative development
differences measured in the year 2020 relative to the year of the demographic transition, for
data and model estimates. Besides documenting the model performance, these results also
show that the model captures the non-linearities of the development process reflected in the
data.

12 Appendix Figure A4 provides an alternative illustration in terms of scatter plots that contrast the relation
between life expectancy and income, and between life expectancy and fertility, in the data and in the simulated
data.
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Figure 7: Timing of the Transition and Comparative Development
Scatter plots of cross-sectional variation in the respective variables in the year 2000, relative to the
timing of the demographic transition. Fertility is measured by TFR. The skill share is measured by
the population share with at least secondary education.

5.3 Panel Data Accounting

To analyze the performance of the structural estimation of the model, we compare the fit to
regression models that account for country-fixed effects or country-fixed and period-fixed
effects. These models are frequently used in empirical work to account for systematic het-
erogeneity across countries in “deep”, time invariant factors, and systematic time trends. We
compare the performance of these models, as reflected by the R?-measure, to a regression of
the observed data on the simulated data from the estimated model with no other controls.
The results are contained in Table 4. The three panels correspond to regression results for
the three outcomes, log GDP per capita, life expectancy, and total fertility rates, respectively.
The results in Columns (1), (4), and (7) show that country-fixed effects are able to explain a

considerable share of the variation in incomes and fertility, but not so much in life expectancy.

26



Table 4: Model Fit (Variance Explained)

In GDP p.c. Life Expectancy Total Fertility Rate
ey 2 3) ) ) (6) @) (®) )
In GDP p.c. (simulated) 0.805**
(0.013)
Life Expectancy (simulated) 1.037**
(0.013)
TFR (simulated) 0.969***
(0.012)
Country Fixed Effects Yes Yes No Yes Yes No Yes Yes No
Period Effects No Yes No No Yes No No Yes No
Observations 688 688 688 688 688 688 688 688 688
Adjusted R? 0516 0902 0.853 0.088 0924 0.903 0439 0.822 0.898

Note: Estimation results based on the panel data over the period 1880-2020 in 20-year periods for
86 countries that serves as target data set for the structural estimations. See Section 4.1 for details.

Once period-fixed effects are added, the explained variance increases substantially to above
90% for income and life expectancy and to 82% for fertility, as documented in Columns
(2), (5), and (8). Columns (3), (6), and (9) show the results from regressing the observed
data on the model simulation in the respective country and year, but no other controls. The
model closely fits the data, both in terms of Adjusted R?, which are comparable to those in
a two-way fixed effects specification, and in terms of coefficient estimates. In particular, the
coefficient estimates are close to one in all dimensions, indicating that the simulated data

closely track the observed data in terms of their variation across and within countries.

5.4 Discussion

In sum, the estimated model performs remarkably well in matching the long-run dynamics of
targeted and non-targeted moments in the data. Specifically, the model generates dynamics
of the skill composition that resemble those in the data, although they have not been used
for the estimation. In light of the parsimony of the model that restricts attention to the well-
established core building blocks of long-run dynamics — health, human capital, and technol-
ogy — and abstracts from other potential first order drivers of development differences, such
as country-specific heterogeneity in cultural, religious, or institutional factors, the model fit
is surprisingly good. These omitted factors will influence the quantitative estimates of the
country-specific parameters, but to the extent that the precise point estimates of these param-

eters are irrelevant for the relative ordering of the timing of the transition across countries,

27



this will not affect the overall fit of the model regarding the dynamics of long-run develop-
ment. Likewise, the estimated model deliberately abstracts from heterogeneity in dynamics
across countries, such as spill-overs in technology, health, or institutions. This imposes dis-
cipline while still delivering a comparable fit to estimates that account for country-specific
heterogeneity and common global dynamics (in the sense of country-fixed effects and period
effects). This way, our model provides a single and comprehensive quantitative framework
that is able to account for 85-90% of the variation in income, life expectancy, and fertility
across countries over the past 140 years.

In the following, we provide a brief discussion of the implications of allowing for ad-
ditional heterogeneity in the structural parameter estimates that sheds further light on these

iSsues.

Global Parameters. To assess the sensitivity of the results, we replicated the analysis al-
lowing for different global parameters for different sub-samples of countries. Specifically,
instead of estimating all global parameters using data for the entire sample of 86 countries
(“World”), we re-estimated both the global parameters and the country-specific parameters
for the sample of 18 developed forerunner countries (“Forerunners”). We then re-estimated
the country-specific parameters of the sub-sample of latecomer countries while fixing the
global parameters to the levels obtained from the forerunner sample (“Latecomers — fixed”).
Alternatively, we re-estimated the global parameters and the country-specific parameters for
the sub-sample of 68 latecomer countries (“Latecomers — variable™).!* Contrasting these esti-
mates provides a possibility to assess the quantitative relevance of allowing for heterogeneity
in the global parameters, e.g., in view of systematic differences in other dimensions such as
cross-country spillovers that lead to heterogeneous dynamics of development.

Comparing the results of these different estimations shows that the world estimates of
global parameters are a convex combination of the global parameters obtained from the sub-
sample estimations, see Table 5. Interestingly, while the estimates of some parameters, such
as the production function parameter 7, are essentially unaffected, the estimates for other
global parameters differ more substantially across specifications. For example, the estimated
scope for longevity improvements due to an increase in the skill share, p, is larger when
estimated for the subsample of latecomers. For the forerunner sample, the scope for im-
provement in adult longevity is 36.8 years, whereas the scope is close to 49 years for the
sample of latecomer countries. This could be an indication for health spillovers that im-

BFor comparability and to discipline the analysis, we kept the initial conditions for x¢, Ny, and aq fixed at
the same levels as for the baseline estimation.
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ply a greater human capital elasticity in health, and thus a steeper transition trajectory, for
these countries. A similar comment applies to the returns to investments in child quality
(). Inversely, the parameter linking human capital to income growth, ¢, is estimated to be
smaller for the latecomer sample (0.62, compared to 0.77 in the forerunner sample), suggest-
ing a lower influence of domestic human capital on GDP growth rates, and correspondingly

smaller growth rates along the balanced growth path in latecomer economies.

Table 5: Estimated Global Parameters: Different Sample Specifications

Sample
World Forerunners Latecomers
Global Parameter fixed variable
n 0.2915 0.3085 0.3085 0.2928
p 43.846 36.833 36.835 48.935
o} 0.6664 0.7673 0.7673  0.6201
15} 0.8740 0.6864 0.6864 0.8705
0 0.7617 1.0100 1.0100 0.8091

Pseudo-R? (global)  0.824 0.855 0.750  0.832

Correspondingly, the estimates of the country-specific structural parameters are quanti-
tatively slightly different when global parameters are allowed to vary across sub-samples,
but without affecting the ranking of estimates across countries.'* In fact, the different esti-
mates of global parameters, such as the scope for improvement in longevity (p) or the human
capital-elasticity of growth (¢) do not seem to affect the ranking of country-specific estimates
(T and r) or imply a modest re-ranking in favor of latecomer countries (A;). Likewise, the
model performance is comparable for the different specifications.”> This suggests that the
scope for improvements in the model fit by introducing heterogeneity in the dynamics that
reflects, e.g., spillovers in technology or health, is limited. Taken together, these findings
are reassuring regarding the reliability and robustness of the baseline results. In the remain-
ing analysis, we therefore stick with the extreme but parsimonious version of estimating

the global parameters with the entire sample of countries (“World”), noting that relaxing

'4This is illustrated by Appendix Figures A5 and A6. Figure A5 shows a scatter plot of the estimates of T, r,
and A for latecomer countries obtained with the set of global parameters estimated for the sample of forerun-
ners (“Latecomers — fixed”, horizontal axis) and with the set of global parameters estimated for the sample of
latecomers (“Latecomers — variable”, vertical axis). Figure A6 shows a scatter plot of the ranks of countries in
the distribution of the country-specific parameters for the separate estimates of the global parameters on the re-
spective sub-samples of forerunner and latecomer countries relative to the ranks from the baseline estimation of
the global parameters on the pooled sample (world). The figure documents that the ranks are mostly preserved.

15Specifically, the model fit for forerunners and latecomers is similar as for the world sample even when
allowing for group-specific estimates of the global parameters, see Appendix Table A2 and Figure A7.
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this assumption and re-estimating the model for high and low income countries separately
would imply only moderate differences in the estimates of the country-specific parameters
and slight increases in the model fit, but at the cost of more limited comparability by allowing

for additional degrees of freedom in the parametrization for different sub-samples.

Country-Specific Parameters. The considerable heterogeneity in the estimates of the country-
specific structural parameters summarized in Table 3 implies heterogeneity in development.
A visual comparison of the development patterns of the model to that in the data suggests
a comparable fit for different groups of countries (forerunners and “latecomer” countries;
see Figure 3). Nevertheless, the heterogeneity in the country-specific structural parameters
is systematic. Specifically, the estimates of Ay, 7', and r exhibit higher values for the fore-
runners, but similar values for the latecomers as compared to the baseline estimates. At the
same time, the distribution of the goodness of fit (in terms of the Pseudo-R2?) does not reveal
considerable differences in model performance across forerunner and latecomer countries in
comparison to the baseline.'® Thus, overall the model performs well in replicating the data
patterns in the different subsets of countries.

Since all model economies are identical except for the structural parameters governing
the transition timing (7°), the scope of the expansion (r), and the slope of the development
trajectory (Ag), these parameters are natural candidates to capture deep-rooted factors that
have been associated with comparative development differences in previous literature. These
factors typically reflect time-invariant, geographic variables, including temperature, climate,
disease environment, and land quality related to its suitability for agricultural production, his-
torical contingencies such as the timing of the Neolithic transition, the (predicted) genetic di-
versity, or cultural factors. The existing literature has typically considered these deep-rooted
factors in terms of reduced-form estimates while focusing on one single factor in isolation
and treating the importance and significance of a factor as a primarily empirical question.
However, the interplay of different deep-rooted factors is not well understood. Likewise, it
is not clear how the different factors are related to the long-run process of development and
the timing of the transition to balanced growth.

The structural estimates allow for an alternative perspective on the deep-rooted factors. A
first indication for this is the observation that the structural parameters exhibit a high corre-

lation with the coefficient estimates for the respective country-fixed effects in the regressions

16 Appendix Figure A8 reports the distributions of the estimated country-specific parameters, which also
suggests a closer overlap of the corresponding estimates for the full sample and the forerunner sample.
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of In GDP per capita.!” However, these correlations only provide a very indirect link between
the structural parameters and the deep-rooted factors. The main problem in this respect is the
large number of candidates for deep-rooted factors.

To explore the relationship between the estimated country-specific structural parameters
and observable country-specific and time-invariant deep determinants of development docu-
mented in the recent literature, we perform a descriptive analysis. To establish comparability
with the existing literature on this topic, we combine information on a collection of deep de-
terminants of development from Spolaore and Wacziarg (2013) and Nunn and Puga (2012)
and add information on the extrinsic disease environment from Cervellati, Sunde, and Val-
mori (2012, 2017). To tackle the issue of different dimensionality — a limited number of
structural parameters and the potentially large number of empirical measures of deep de-
terminants of development that are correlated with each other — we analyze the mapping
between structural parameters and empirical measures using canonical correlations as de-
scriptive methodology. Canonical correlations reflect the linear combinations of two sets
of variables, in this case between the structural parameters (Ag, 7', and r) and the empiri-
cal deep determinants, which contain potentially many country-specific characteristics. The
canonical correlations are computed so that the correlation between the two sets of variables
is maximized, where the dimensionality of the linear combinations corresponds to the di-
mensionality of the smaller set of variables (here three) and the canonical dimensions are
orthogonal to each other by construction. The results reveal that the structural parameters
exhibit a close correlation with the empirical deep determinants, with correlations of almost
0.9, 0.63, and more than 0.5 for the best three linear combinations. Moreover, the results
based on subsets of the empirical deep determinants show that the gain of information from
adding additional empirical measures is limited.'® This finding raises the question about
which of the empirical variables exhibit the highest relation with the different structural pa-
rameters. The respective coefficients for the different dimensions of the linear combinations
do not reveal a clear pattern in this respect, reflecting the fact that all of the deep determinants
(and structural parameters) are highly correlated with each other.!” Thus, as one might ex-
pect, the analysis does not deliver evidence for a single, unique empirical deep determinant
of long-run development, while, at the same time, providing an interpretative lens for the role

of deep determinants for comparative development differences.

17The respective correlation coefficients are 0.83 for T, 0.61 for 7, and 0.52 for Ay.
18See Appendix Table A3, Figure A9, and the discussion in Appendix B.
19See Appendix Table A4 and Figure A10 for details.
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Counterfactual Scenarios. The methodology allows investigating the consequences of
heterogeneity in the deep-rooted factors for the entire development path by simulating the
model for counterfactual scenarios. This provides a quantitative assessment of the relative
importance of differences the country-specific parameters Ay, T, and r for comparative de-
velopment and explicitly addresses the main critiques that have been expressed regarding
the empirical literature on deep-rooted factors and the strong implicit identifying assump-
tions (see, e.g., Durlauf, 2023, for a discussion of this point). Concretely, we conducted
three counterfactual exercises, simulating each country with the estimated A, for Sweden
while keeping the country-specific variation in 7' and r, or, alternatively, doing the anal-
ogous exercise with the estimated 7" and r of Sweden, while keeping the country-specific
estimates in the respective other parameters unchanged. The respective results show that
variation in the country-specific parameters has heterogeneous effects on comparative devel-
opment in income and population. Specifically, for some countries, the counterfactual levels
of development are significantly improved in income and reduced in terms of fertility in the
counterfactual simulations.?’ Similarly, the counterfactual simulations imply a concentration
in the world income distribution at higher levels of income than observed in the data, and an
analogous shift in the distribution of fertility rates.?!

Together, these results suggest that variation in deep-rooted environmental factors closely
relates to comparative development differences. At the same time, the counterfactual simula-
tions suggest that variation in deep-rooted factors that affect productivity, health, or fertility
has heterogeneous implications for development. The next section presents a systematic
analysis of how comparative development differences relate to heterogeneity in deep-rooted

factors and accumulation dynamics.

6 Decomposing Development

This section investigates the implications for comparative development differences today,

their roots in past development, and their foreseeable consequences for future development.

20 Appendix Figure A11 plots the resulting comparative development patterns in income per capita and total
fertility rates, respectively, when comparing actual levels in 2020 to counterfactual levels.

2 Figures A12 and A13 plot the corresponding distributions of global income and fertility against the respec-
tive counterfactuals.
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6.1 Decomposing Comparative Development Differences

The analysis so far implies that development differences are related to differences in the
country-specific parameters. It remains unclear, however, how exactly this heterogeneity
maps into comparative development differences. That the timing of the transition plays an
important role already becomes apparent when distinguishing between subsamples of fore-
runner countries with an early onset of the transition and latecomer countries with a delayed
transition.??

In this section, we provide a decomposition in light of the different phases of develop-
ment. Focusing attention on comparative development in terms of income per capita, it is
clear from (15) that differences in income per capita across countries are closely related to
productivity differences in terms of A.?*> Formally, from the results in Section 3.5 it follows

that
t+1

Apr = A1+ 0N) = A [ [ (1 + A1)
=1

As a further direct implication of the discussion in Section 3.5, the level of productivity
prevailing in a country at a given point in time is the result of the long-run development
process and, in particular, depends on a country’s position in that process. Note that the
development process conceptually comprises three different phases: first, a phase of slow
development, with small shares of skilled individuals and small increments in the shares of
skilled from one generation to the next. Second, the rapid transition that goes along with
a fast expansion of the skill share over the course of few generations. Third, the balanced
growth path, to which the economy eventually converges with a skill share converging to
A~ 1.2

For the sake of illustration, suppose that the economy reaches the balanced growth path
at time £ when the skill share exceeds a level A, which is in the vicinity of 1. Then, the (log)
level of productivity of an economy that has already converged to the balanced growth path
at the time of observation ¢ can be decomposed into influences of country-specific factors
related to the initial condition Ay, the influence of long-run development dynamics before

and during the transition to balanced growth, and productivity gains on the balanced growth

22See again Appendix Figure A3.

2370 see this, note that as discussed in Section 3.5, differences in income per capita closely track differences
in productivity on the balanced growth path (i.e., if Ay — 1 and hence z; — 1). The fit of the respective series
to the data is illustrated in Appendix Figure A14.

24For a graphical illustration of the three different phases of development, see Appendix Figure Al.
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Notice that T" has two effects, one direct through its influence on skill acquisition via affecting
life expectancy, and one more indirect through its influence on the onset of balanced growth
(reflected by #).

Figure 8 illustrates the implications of this decomposition for the simulated data for Swe-
den and Niger as example cases, thus resembling the patterns of long-run development in
income. The figure shows that the development dynamics until the onset of the balanced
growth path, which occurs in 1960 for Sweden, constitute a major component of the ac-
cumulated productivity, whereas the contribution of the accumulation along the balanced
growth path is steadily increasing, but initially moderate. According to the structural esti-
mates, Niger, as an example of a development latecomer, has a comparable level of A (the
baseline estimate is 0.1192764) as that for Sweden (baseline estimate 0.1192608), but a sub-
stantially lower 1" (30.44067 compared to 34.47222 for Sweden), which implies a slower
accumulation of education and productivity, and a later onset of balanced growth (which
only occurs in 2080 in the simulation). This suggests that comparing countries focusing ex-
clusively on the balanced growth path might deliver a misleading representation of the forces
underlying comparative development differences. With this decomposition, we can charac-
terize the comparative development differences between two economies, ¢ and 7, and assess
the quantitative importance of variation in Ay and 7', and the corresponding differences in
the timing of the onset of the balanced growth path.

Without loss of generality, suppose that #* < ¢/, then the development difference between

25 Analogously, suppose for a moment that the average skill share during the first phase of development is
given by ) and let us denote the time of the onset of growth acceleration by ¢. For concreteness, suppose that this
is the time when the change in the skill share from one generation to the next exceeds 1%. Thus, distinguishing
the period before and after the onset of the transition as marked by ¢, one can decompose further as

t+1

T, 1-T i
At+1:A0-(1+q§/\)t-||<1+¢>-T >~(1+¢)t+”
T=t P
—_——— 1 —_——
Initial Cond. BGP
Pre-Transitional Dynamics Transition Dynamics
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Figure 8: Decomposition of Long-Run Dynamics: Sweden as Benchmark
Note: Simulated data, TFP normalized to Sweden in 1800.
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Thus, economy 7’s advantage in comparative development derives from a differential in initial

productivity Ay, a different speed of accumulation dynamics before the entry to balanced

growth of the forerunner economy 7 as reflected in the second line, and a delay in economy

j entering the balanced growth path that is due to the later onset (the delay in ¢/ relative to

) in the last line. Both, the difference in speed and the delay in the onset, are the result

of the differential in 7. Notably, the entire comparative development gap between the two

economies is the result of a delay in the accumulation — the gap neither widens nor closes

once both economies have reached their balanced growth path.?¢

26Notice that both countries exhibit the same growth along the balanced growth path, so that the correspond-

ing component drops out from the expression.
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Figure 9 illustrates this again for the case of Niger relative to Sweden as benchmark.
Following the usual practice of illustration in development accounting, we plot the gap in
TFP as in (19) of Niger relative to Sweden, which constitutes an upper bound benchmark
for the relative productivity. Both panels show the same data, but Panel (a) shows the entire
simulation period whereas Panel (b) focuses on the phase during the transition to the balanced
growth path. Since the difference in A is small, it does not contribute much to the differential
in productivity, and hence to comparative development — there is no gap as A, in Niger is
essentially the same as in Sweden. Instead, the main bulk of the productivity gap arises
due to the differential accumulation prior to the transition to balanced growth represented
by the dashed line, corresponding to the second line in (19). The gap widens further once
the forerunner country (Sweden) has reached its balanced growth path, while the latecomer
economy (Niger) is still in transition, as shown by the dash-dot line that corresponds to the
last line of (19). However, as becomes visible from comparing the total productivity gap (the
solid line), the differential that arises during this last phase is quantitatively smaller than the

differential that arises during the preceding phase.

0 5(50 1dOO 15b0 2600 1800 19b0 ZdUO 21‘00
year year

TFP relative to Benchmark TFP relative to Benchmark
— — — A0 relative to Benchmark — — — AO relative to Benchmark

-—-— Development Dynamics pre BGP -—~—Development Dynamics pre BGP
— —— Development Dynamics (BGP vs. pre-BGP) — — - Development Dynamics (BGP vs. pre-BGP)
(a) Long-Run (b) Around Transition

Figure 9: Decomposition of Comparative Development Dynamics Relative to Benchmark
Note: Simulated data, TFP normalized to Sweden (Sweden = 1) as benchmark.

With this methodology, we can relate contemporaneous comparative development differ-
ences across the world to the heterogeneous development dynamics and the associated delays
in the transition towards the balanced growth path. To do so, we apply the decomposition of
development in terms of productivity, as implied by the expressions in (18) and (19). Figure
10(a) plots the components contributing to the development gap relative to the benchmark of

Sweden as of 2020. Specifically, we plot the contribution of initial conditions as opposed to
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the contribution of the accumulation process reflected by the two bottom lines of (19). The
results show that accumulation during the development process accounts for more than 90%
of the level of development and hence for considerably more than initial conditions. More-
over, initial conditions account for relatively more of development for countries that exhibit
lower levels of development relative to Sweden. Figure 10(b) considers the patterns of com-
parative development since 1960. In view of the fact that Sweden has reached the balanced
growth path in 1960, this reflects the development patterns captured by the last line in (19).
During the period 1960-2020, the development dynamics exhibit a pattern of divergence that
is the result of the delayed transition to the balanced growth path in most countries as com-
pared to Sweden, and the associated discrepancy in the accumulation process.?” The figure
shows that the delay leads to an amplification of the comparative development differences:
countries that are relatively poorer than the benchmark in 1960 fall even further behind as

the result of the slower accumulation.
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Figure 10: Decomposition of Comparative Development
Note: Simulated data, normalized to Sweden. Panel (a): Cross-section 2020. Panel (b): Changes
1960-2020.

6.2 Decomposing Population and Aging Dynamics

This section illustrates the consequences of the changes in the age composition of the popu-
lation that are associated with the transition to balanced growth. In light of the pace and force
of demographic development, this analysis also sheds light on the foreseeable implications

for development in the future.

?"This pattern is illustrated in Appendix Figure A15.
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From the analysis so far it is obvious that variation in deep-rooted factors that affects
income and fertility costs is an important determinant of population dynamics. Figure 11
illustrates this by presenting the model simulations for the differential dynamics of the to-
tal fertility rate, again using the example of Niger relative to Sweden. The graph illustrates
that over a long phase of development, simulated fertility in Niger is higher than in Swe-
den, whereas the levels of life expectancy and the skill share were initially comparable. This
pattern is the result of a lower estimate of the cost for children, r, in Niger. In fact, the cor-
responding parameter estimates are 2.318 in Niger as compared to 3.263 in Sweden. When
Sweden enters the transition towards balanced growth, Niger lags behind, which implies an
increasing gap in life expectancy and skill share A, and a corresponding hump in relative fer-
tility. This hump, which is crucially related to differential fertility across skill groups, only

abates as Niger enters its own transition.
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Figure 11: Decomposition of Population Dynamics Relative to Benchmark
Note: Simulated data for TFR, skill share (\) and life expectancy of Niger relative to Sweden (Swe-
den = 1) as benchmark. Vertical lines mark the entry to the balanced growth path for Sweden and
Niger, respectively.

A less obvious aspect concerns the implications for economic development that arise from
these heterogeneous population dynamics. It is well known that the demographic transition
and the associated shifts in the age composition of the population can entail a “demographic
dividend” that is related to a temporary increase in the population share made up by individ-
uals in working ages (Bloom, Canning, and Sevilla, 2003). The magnitude of this dividend
has been suspected to vary across countries and continents (see, e.g., Eastwood and Lipton,
2011), and the relative contribution of variation in the age structure relative to other aspects,

in particular the expansion of human capital, has been a matter of intense debate (see, e.g.,
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Cuaresma at al., 2014; Lutz et al., 2019; Kotschy et al., 2020). However, existing work has
been largely based on reduced-form empirical evidence.

Our quantitative model provides a natural alternative to study the magnitude of the de-
mographic dividend. Formally, the demographic dividend can be rationalized as the ratio
between income per capita and income per worker (or per working age person). This ratio is
equivalent to the support ratio, i.e., the ratio of individuals of working age over dependent in-
dividuals (who are either too young to work, or too old and retired). During the demographic
transition, the support ratio first increases as consequence of a combination of population
growth and increasing life expectancy. The onset of a fertility decline together with an in-
creasing life expectancy leads to a temporary acceleration of the support ratio. Eventually,
however, the increase in life expectancy induces an increase in the old-age dependency ra-
tio, i.e., the population share of individuals beyond retirement age relative to the population
share of working age individuals. This leads to a decline in the support ratio and, ultimately,

a stabilization at a steady state level that is determined by the balanced growth path.

o —~ o] /\
- S

18‘00 19b0 20b0 21‘00 18‘00 19b0 20b0 21‘00
year year

Support Ratio (Model)
Support Ratio (Data)

Support Ratio (Model)
Support Ratio (Data)

(a) Forerunner: Sweden (b) Latecomer: Niger

Figure 12: Population Dynamics: The Support Ratio
Note: Simulated data of the support ratio, computed as the population-weighted sum of individuals
in working age relative to the population-weighted sum of individuals in adolescence and in old-age
inactivity.

Figure 12 illustrates these dynamics for the examples of Sweden and Niger. The model
fits the data well despite the fact that this has not been targeted in the estimation.

Figure 13 plots the corresponding pattern for the cross-section of countries in 2020, rel-
ative to their life expectancy at birth (Panel a). The demographic dividend related to the
temporary increase in the support ratio is also visible here, both in the model and in the data.

The figure also demonstrates the reversal that has occurred for countries with high levels of
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life expectancy and economic development.

.
0 .
w |
°® ° :? .'
L4 )
< 1 o ®
° -
° o: .. ° % .‘.
™ - L ‘ ”
© “o g4 ‘o
oo oo o3¢ L W
- WO o
N A (=R
@ - L
- (4
T T T T T T T
50 90 50 60 70 80 90
Life Expectancy Life Expectancy
° Support Ratio (Model) Support Ratio (Data) ® Demographic Dividend: Accumulated Index
Non-linear fit — — — Non-linear fit 4 Demographic Dividend: Unrealized Potential
(a) Support Ratio (b) Unrealized Potential

Figure 13: The Demographic Dividend: Cross-Section 2020

Simulated data of the support ratio relative to life expectancy at birth; cross-section for 2020. Both
Panels: Support ratio computed as the population-weighted sum of individuals in working age rela-
tive to the population-weighted sum of individuals in adolescence and in old-age inactivity, evaluated
for the median cohort in a given year. Panel B: Demographic Dividend (Accumulated Index) is com-
puted as the cumulative sum of the support ratio between the onset of the demographic transition
and 2020. Demographic Dividend (Unrealized Potential) is computed as the difference between the
accumulated index and the cumulative sum of the support ratio from the onset of the demographic
transition until the balanced growth path.

In addition to illustrating the demographic dividend, the model enables us to uncover the
unrealized potential of the demographic dividend for countries that have not completed the
demographic transition and reached the balanced growth path. In particular, we can con-
struct an index of the accumulated support ratio from the onset of the demographic transition
until the present for each country. In addition, we can compute the corresponding index un-
til the balanced growth path is reached. This allows computing the unrealized potential of
the demographic dividend by calculating the difference between the total dividend and the
accumulated dividend as of the present. These numbers are illustrated in Panel b of Figure
13. The figure shows that countries with low life expectancy today exhibit substantial po-
tential for realizing a demographic dividend in the future, whereas the potential is negative
for countries with high levels of life expectancy, which suggests a negative growth effect of
population aging in the future. Specifically, countries with a life expectancy of less than 75
years in 2020 have, on average, only realized about 56% of their so-measured demographic
potential, whereas countries with a life expectancy of 75 years and more have over-exhausted
their demographic potential by 17% (on average). Holding productivity and hence output per
working-age person fixed, this is equivalent to a drop of 17% in income per capita as the
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result of a declining support ratio that reflects the fading of the demographic dividend into a
demographic drag.

Figure 14 shows the corresponding figure for different levels of economic development
in terms of log GDP per capita. The overall pattern is similar, with low income countries
(log GDP per capita less than 10, which is equivalent to an income of approximately 22,000
USD) only having realized about 40% of their demographic potential on average, in contrast
to high income countries that have overdrawn their overall demographic potential by about

25% on average.
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Figure 14: The Demographic Dividend: Cross-Section 2020

Note: Simulated data of the support ratio relative to In GDP per capita; cross-section for 2020.
Both Panels: Support ratio computed as the population-weighted sum of individuals in working
age relative to the population-weighted sum of individuals in adolescence and in old-age inactivity,
evaluated for the median cohort in a given year. Panel B: Demographic Dividend (Accumulated
Index) is computed as the cumulative sum of the support ratio between the onset of the demographic
transition and 2020. Demographic Dividend (Unrealized Potential) is computed as the difference
between the accumulated index and the cumulative sum of the support ratio from the onset of the
demographic transition until the balanced growth path.

7 Concluding Remarks

This paper provides a new perspective on comparative development. We reconcile the theo-
retical literature on growth with empirical work on the reasons for growth and development
differences across the world, and with work on the deep determinants of development. Our
work highlights the importance of non-linear long-run development dynamics, specifically

the timing of the transition from quasi-stagnation to balanced growth, for comparative devel-
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opment differences today. Based on a quantitative model and exploiting variation along the
non-linear development path, we present the first attempt to structurally estimate country-
specific parameters that govern the dynamic trajectories of the main dimensions of develop-
ment — the timing of the transition from quasi-stagnation to growth, the extent of the expan-
sion after the transition, and the steepness of the take-off — for 86 countries over the past 140
years. The estimated model is able to closely match the corresponding observed non-linear
long-run development dynamics. At the same time, our analysis of panel data accounting
shows that a parsimonious model, characterized by a low-dimensional vector of structural
parameters, is able to account for empirical long-run development patterns. We also estab-
lished a link between the structural parameters and the “deep determinants” of development
that have been identified in the empirical literature.

Our methodology also sheds new light on contemporaneous comparative development
differences and how they are linked to non-linear development dynamics in the past. Specif-
ically, the results of a model-based decomposition of comparative development differences
into their cumulative components illustrate the critical role of the different phases of the long-
run development trajectory. While variation in initial conditions only accounts for less than
10% of the differences in comparative development, delays in the accumulation accounts for
more than 90%. Moreover, the model enables the quantification of the demographic dividend
at different points of the development process, and a quantification of the growth potential
related to the past and future trajectory of demographic change of countries at different points
in time.

These findings also show that comparative development differences are not equivalent to
comparative population dynamics, as sometimes claimed in the literature. Instead of being a
prerequisite or determinant of long-run development, the declines in fertility and population
growth are a consequence of investment decisions and the corresponding opportunity cost
considerations. This implies that the focus on fertility as the key to long-run development in
the existing long-run growth literature might need to be modified. Likewise, the focus on a
fertility decline driven by changes in the quantity-quality trade-off needs to be broadened to
the consideration of differential fertility patterns across skill groups of parents. In sum, our
results suggest that investment decisions such as education, and the resulting accumulation
consequences, play a crucial role for development patterns. This indicates a need for shifting
the focus on the determinants of these investments, as exemplified by variation in health and
longevity.

The methodology developed in this paper provides new opportunities for future research
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on growth and development by offering a tighter link between theory and empirical applica-

tions than the existing literature on long-run growth.
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Supplementary Online Appendix

A Illustration of the Dynamics of Development

The properties of the dynamic equilibrium path can be illustrated by the evolution of the
(conditional) dynamic system in the {\, 7T, x} space as in Figure Al. The figure plots the
phase diagram for {\, 7'}, conditional on different levels of technological development in
terms of x. The linear curve depicts 7" as in (12), whereas the S-shaped curve constitutes
the combinations of A and 7" that are consistent with the intra-generational equilibrium for a
given level of z, as reflected by A = A(T, z) in (9). Starting from a low level of technological
development (low x), the dynamic system is characterized by a stable steady state with low
adult longevity and a correspondingly small but positive skill share as depicted in Figure A1
(a). Due to this positive share, the demand for education slowly increases across generations
as consequence of a larger skill bias due to (13). This leads to a counter-clockwise rotation of
the intra-generational equilibrium locus A(A, ). As consequence of the local stability of the
steady state, the emergence of a second steady state does not affect the dynamic equilibrium.
Development in terms of growth in education, longevity, and income, is slow, as implied by
Figure A1 (b). Once the initial steady state disappears, a rapid transition to the second stable
steady state occurs and brings the economy to a development regime that is characterized by
high longevity and a large skill share as in Figure Al (¢). This transition in turn crucially
depends on the structural parameters that govern the location of (12) and (9). A larger T’
implies an earlier transition due to a right-shift of the locus characterized by (12), everything

else equal.

0 T To €T (b T er ©

Figure Al: Long-Run Growth Dynamics
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B Additional Figures and Tables

List of Countries

Table A1: List of Countries

Afghanistan Guatemala Panama
Albania Guyana Paraguay
Algeria Honduras Peru
Argentina Hungary Philippines
Australia India Poland
Austria Indonesia Portugal
Bangladesh Iran Senegal
Belgium Iraq Sierra Leone
Benin Ireland South Africa
Bolivia Italy Spain

Brazil Japan Sri Lanka
Bulgaria Jordan Sudan
Cameroon Kenya Swaziland
Canada Lesotho Sweden
Chile Liberia Switzerland
China Malawi Syria
Colombia Malaysia Thailand
Costa Rica Mali Togo

Cote d’Ivoire Mexico Trinidad and Tobago
Denmark Morocco Tunisia
Dominican Republic Mozambique Turkey
Ecuador Myanmar Uganda
Egypt Nepal United Kingdom
Finland Netherlands United States
France New Zealand Uruguay
Gambia Nicaragua Venezuela
Germany Niger Zambia
Ghana Norway Zimbabwe
Greece Pakistan
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Estimation Results
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Figure A2: Distributions of Structural Parameter Estimates — World Sample
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Figure A3: Variation in 7' and the Timing of the Transition
Note: Each panel plots averages of the respective variable across countries for a given time period.
The baseline model estimates (dashed line) are as in Figure 2, the remaining lines show the corre-
sponding estimates for the samples of foreunner countries and latecomer countries separately. All
models are based on estimates of country-specific parameters that target the dynamics in log income
per capita, life expectancy, and fertility. Global parameters are the same for all models. Fertility
is measured by TFR. The skill share is measured by the population share with at least secondary
education and is not targeted in the estimation.
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Additional Results

Alternative Estimates of Global Parameters
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Figure AS: Comparison of Structural Parameter Estimates (for Latecomer Countries) for

Different Estimates of Global Parameters
Note: Each panel plots the estimate of the respective country-specific parameter for the 68 latecomer
countries obtained with global parameters fixed at the estimates obtained for the sub-sample of 18
forerunner countries (Globals: Forerunners) against the estimates obtained with global parameters
estimated for the sub-sample of 68 latecomer countries (Globals: Latecomers). The corresponding
Spearman rank-order correlations are 0.96 for T, 0.95 for r, and 0.85 for Ay.
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Figure A6: Comparison of Ranking of Structural Parameter Estimates for Different Estimates

of Global Parameters

Note: Each panel plots the ranking of the respective country-specific parameter for the sub-sample
of 18 forerunner countries obtained with global parameters estimated on this sub-sample (Globals:
Forerunners), as well as the ranking of the respective country-specific parameter for the 68 latecomer
countries obtained with global parameters estimated on their sample (Globals: Latecomer variable),
in comparison to the ranking obtained for the baseline estimates of global parameters based on the
full sample (Globals: World). The corresponding rank correlations are 0.99 for 7, 0.99 for r, and
0.93 for Ag.
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Figure A7: Development Trajectories of Latecomer Countries for Different Estimates of
Global Parameters

Note: Each panel plots averages of the respective variable across latecomer countries for a given time
period. The models are based on estimates of country-specific parameters that target the dynamics
in log income per capita, life expectancy, and fertility. The graphs show the respective models for
two different set of global parameters (see text for details). Fertility is measured by TFR. The skill

share is measured by the population share with at least secondary education and is not targeted in
the estimation.
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Table A2: Model Fit and Variance Explained — Different Specifications

Global Estimates World Forerunners Latecomers
Sample Forerunners Latecomers Forerunners Latecomers Latecomers
)] (@) 3) “ &)

Panel A In GDP p.c.

In GDP p.c. (sim.) 0.734** 0.787** 0.687*** 0.833** 0.859**
(0.021) (0.018) (0.020) (0.020) (0.019)

R? 0.900 0.771 0.895 0.758 0.790

Panel B Life Expectancy

Life Expectancy (sim.)  0.922*** 1.097+** 1.032%** 1.245** 1.087***
(0.027) (0.016) (0.024) (0.021) 0.017)

R? 0.890 0.898 0.931 0.867 0.887

Panel C TFR

TFR (sim.) 0.933** 0.959*** 1.048*** 0.929*** 0.954***
(0.043) (0.016) (0.041) (0.020) (0.015)

R? 0.769 0.871 0.825 0.801 0.885

All Panels:

Observations 144 544 144 544 544

Note: Estimation results based on regressions of actual data on simulated data and a constant in
different dimensions. Each entry corresponds to the results of a separate regression. Specification
in Column (4) refers to Globals: Latecomers fixed and Column (5) refers to Globals: Latecomers
variable.
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Canonical Correlations

For the analysis, we select a set of 17 variables that reflect time-invariant characteristics re-
lated to cultural or genetic factors, geography, climate, and disease environment. The canon-
ical correlation is constructed from the linear combinations of the structural parameters (7,
r, and Ag) in three orthogonal dimensions with the linear combinations of these components
in the same three orthogonal dimensions. Table A3 presents the results from this analysis.
The results of OLS estimates of regressions of each of the structural parameters on dif-
ferent dimensions of the deep determinants (in terms of the respective principal components)
confirm this and show that the different dimensions of country-specific deep-rooted factors
do not exhibit a clear pattern of correlations.?® Still, together the deep determinants explain
about 60% of the variation in 7', 30% of the variation in r, and about 50% of the variation
in Ag. However, these estimates are likely to be misleading as they disregard the cross-

correlations of the structural parameters.

Table A3: Estimated Parameters and Deep Determinants: Canonical Correlations

Dimension 1 Dimension 2 Dimension 3

Canonical Correlations 0.8986 0.6361 0.5205

p-Value 0.0001 0.0012 0.0752

Note: Canonical correlations obtained with baseline (world) estimates for the vector of structural
parameters {T,r, Ap} and a set of 17 deep determinants of development (average precipitation,
average temperature, the number of multihost vector-transmitted diseases, % tropical climate, abso-
lute latitude, terrain ruggedness, mean elevation, ethnic fractionalization, linguistic fractionalization,
crop yield, land suitability for agriculture, % arable land, % fertile soil; % desert, landlock dummy,
predicted genetic diversity, and timing of the neolithic transition). See Appendix Table A4 for the
corresponding estimates of loadings for the linear components. P-values refer to tests of significance
of canonical correlations in dimensions 1-3 (Column 1), in dimensions 2-3 (Column 2), and in di-
mension 3 (Column 3).

To test the sensitivity of the results for canonical correlations, we replicated the analy-
sis for subsets of the empirical variables. It is very likely that, due to the high correlations
across the different empirical measures, a subset already contains substantial information
that is relevant to account for comparative development differences. To test this conjecture,
we replicated the analysis of canonical correlations for subsets of the 17 deep determinants.

Specifically, we constructed all possible subsets of 10 variables that can be drawn from the

28Results available upon request.
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set of 17 variables and computed the corresponding canonical correlations for each of these
subsets. The resulting distributions of correlations in the three dimensions of linear combina-
tions are shown in Figure A9, together with the canonical correlations obtained with the full
set of 17 empirical proxies. The results show that the gain of information from adding addi-
tional empirical measures is limited, especially when considering the best linear combination
of the structural parameters and their empirical counterparts. The majority of canonical cor-
relations of the respective best linear combinations exceeds 0.85. This is indicative for one
dimension that is captured by both, the structural model parameters and the empirical coun-

terparts.

20
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(a) Dimension 1 (b) Dimension 2 (c) Dimension 3

Figure A9: Canonical Correlations for Different Dimensions of Empirical Determinants
Note: Each panel plots a histogram of the respective dimension of the canonical correlation for all 19,448
combinations of 10 of the 17 deep determinants. Dashed lines correspond to the respective canonical
correlations obtained with the full set of 17 deep determinants.
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Figure A10: Structural Parameters: Canonical Correlations vs. Model and Data
Note: Each panel plots a scatter plot of the structural parameter and the respective dimension of the
canonical correlation (model-side and data-side).
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Table A4: Estimated Parameters and Deep Determinants: Canonical Correlations

(Dim. 1) (Dim. 2) (Dim. 3)

Canonical Correlations 0.8991 0.6530 0.5409

T 0.705%F% 0.620%%% (. 707***
C11.11)  (4.16)  (-3.49)

-0.356%**  1.305%** 0.427
(-4.67) (7.18) (1.75)

1=

Ao -0.174%  -1.048%**  (.644**

(-2.60) (-6.59) (3.02)
Precipitation -0.1535 0.0322 0.7636
Temperature 0.7331 -0.6924 -0.0357
Multihost -0.1436 0.9920 -1.0150
Multihost-Vector 0.1127 -0.5397 0.6614
Tropics 0.1381 0.1211 -0.4229
Absolute Lat. -0.1098 -0.3616 0.6106
Ruggedness -0.1563 0.2837 0.1072
Elevation 0.4099 -0.1460 -0.4770
Ethnic Fr. 0.1217 0.0746 1.0726
Linguistic Fr. 0.0040 -0.3644 0.0613
Crop Yield -0.0980 0.8454 0.2488
Suit. f. Agr. 0.0776 0.1781 0.1526
Arable Land -0.0494 0.1426 -0.4510
Soil Quality -0.0305 -0.1846 0.4153
Desert -0.0121 0.4550 0.2849
Landlocked 0.0868 -0.1447 0.2015
Pred. Gen. Div. 0.1980 0.8838 0.1086
Neolithic Trans. -0.0307 0.2446 0.2403
Obs. 86 86 86

Standardized coefficients for structural parameters and em-
pirical deep determinants. t-values in parentheses. * p <
0.05, ** p < 0.01, *** p < 0.001.
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Counterfactual Simulations
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Figure A11: Comparative Development: Counterfactual Simulations
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Figure A12: Counterfactual Comparative Development (2020)

64




N ©
w |
< |
> >
2 3
57 5
o [s]
o
o |
o — = [
2 4 6 8 0 2 4 6
TFR TFR
‘l:l Data [ ] Counterfactual T_bar ‘ ‘l:l Data [ | Counterfactual AO
(a) Counterfactual: T' (b) Counterfactual: Ag
© | -
o
~
w |
>
‘@
5
o
o |
o A —
0 2 4 6 8
TFR

‘I:I Data [ | Counterfactual r_bar

(c) Counterfactual: r

Figure A13: Counterfactual Comparative Population Dynamics (2020)
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Comparative Development
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Figure A14: Comparative Development: Model vs. Data (2020)
Observed and simulated data, GDP p.c. and productivity normalized to Sweden.
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Figure A15: Comparative Development Relative to Benchmark 1960-2020

Simulated data, GDP p.c. and productivity normalized to Sweden.

67



